The chemical compositions, and antibacterial and antifungal effects of essential oils extracted from three coniferous species, Pinus densiflora, Cryptomeria japonica, and Chamaecyparis obtusa, were investigated. Gas chromatography mass analysis of the essential oils revealed that the major components and the percentage of each essential oil were 16.66% β-phellandrene and 14.85% α-pinene in P. densiflora; 31.45% kaur-16-ene and 11.06% sabinene in C. japonica; and 18.75% bicyclo [2, 2, 1] heptan-2-ol and 17.41% 2-carene in Ch. obtusa. The antimicrobial assay by agar disc diffusion method showed that 2.2 µg of Ch. obtusa oil inhibited most effectively the growth of Escherichia coli ATCC 33312 and Klebsiella oxytoca ATCC 10031, whereas the C. japonica oil gave weak antimicrobial activity. The minimal inhibitory concentration (MIC) values for bacterial strains were in the range of 5.45-21.8 mg/ml depending on essential oils, but most Gram-negative bacteria were resistant even at 21.8 mg oil/ml. P. densiflora oil showed the most effective antifungal activity and the MIC values for Cryptococcus neoformans B42419 and Candida glabrata YFCC 062CCM 11658 were as low as 0.545 and 2.18 mg/ml, respectively. Cryp. neoformans B42419 was the most sensitive to all essential oils in the range of 0.545-2.18 mg/ml. Our data clearly showed that the essential oils from the three conifers had effective antimicrobial activity, especially against fungi.
Essential oils are mixtures of volatile oils from various parts of plants, and are considered as important antimicrobial, antifungal, and insecticidal or insect-repelling agents present in plants [11, 13] , and some have been reported to endow antioxidant, anti-inflammatory, antitumor, antiaging, antimutation, and sedative effects [2, 3, 19, 21, 22] . Monoterpenes, sesquiterpenes, and their oxygenated derivatives such as alcohols, aldehydes, esters, ethers, ketones, and phenols, are the main components present in essential oils, which may be involved in its physiological and biological activities [14, 26] . However, their actual compositions and biological activities are quite different among the plants, even in the same species, depending on their environmental and genetic variations. All the more, the chemical and biological properties are quite different from the essential oils depending on the part of the same plant, which makes it difficult to understand systematically the effectiveness of essential oils [5, 10, 15, 20] .
Essential oils from medicinal as well as other edible plants have been recognized as safe food flavoring agents and aromatic disinfectants with antimicrobial and antioxidizing activities. P. densiflora, C. japonica, and Ch. obtusa are coniferous trees and mainly distributed in Korea, Japan, and the north eastern part of China. Their seeds and pollens have been used as food supplement and the plants have been used in oriental medicine for thousands of years. Additionally, they can emit monoterpenes that could be helpful for a therapeutic walk in the forest [4] . Thus, the essential oils from conifers were recognized as safe natural disinfectant for various applications, and studies on their chemical components and antimicrobial activities have been extensively performed worldwide.
The 29 components and the mild antimicrobial activities of the essential oils from P. densiflora and Ch. obtusa against seven bacteria were previously reported by Hong et al. [15] . The 42 components of the Ch. obtusa essential oils with strong antibacterial activity against Gram-positive bacteria and a good antifungal activity were also reported by Yang et al. [25] . The 68 compounds were also identified in the Japanese cedar (C. japonica D. Don) essential oil [5] . In addition to its antibacterial activity, excellent antitermite [7, 8] and larvicidal effects against mosquito larvae [9] , of the essential oil from C. japonica leaf, were demonstrated.
However, most of these efforts have been focused on only one kind of essential oil in different experimental conditions, which makes it difficult to compare the components and relative antimicrobial activities among the essential oils. Thus, we prepared the essential oils from three coniferous trees, P. densiflora, C. japonica, and Ch. obtusa, and investigated their chemical compositions, and antimicrobial and antifungal activities against 15 bacterial and 8 pathogenic fungal strains under the same condition.
MATERIALS AND METHODS

Plant Material
The needles and twigs of P. densiflora were collected from Gwangneung, Gyeonggi province of Korea and those of C. japonica and Ch. obtusa were picked at Nonsan-si and Puyeo-gun, Chungnam province of Korea, respectively, in November 2003. Voucher specimens (No. KNA20031156 for P. densiflora, No. KNA20031157 for C. japonica, and No. KNA20031158 for Ch. obtusa) have been deposited at the Korea National Arboretum, Gyeonggido, Korea.
Preparation of the Essential Oil
Each sample (1,000 g) of plants was immersed in 9 l of distilled water and submitted to steam distillation using a manufactured apparatus with a condenser by Hanil Labtech (Korea). Distillation continued for 2 h at 100 o C, and the volatile compounds containing the water-soluble fraction were allowed to settle for 20 min. The essential oil layer was separated and purified through microfiltration. The temperature of cooling water used for the condenser was 4 o C.
GC Analysis
Gas chromatograph (GC) analysis was performed on a HewlettPackard (HP) model 6890 gas chromatograph equipped with an apolar capillary DB-5MS 1127 column (30 m×0.32 mm i.d., 0.25 µm film thickness) and a split-splitless injection port (split mode). The oven temperature was programmed from 50 o C, respectively. The carrier gas was helium at a flow rate of 1.5 ml/min. The GC-MS was carried out on an HP model 5973 mass spectrometer operating in the EI mode at 70 eV, combined with the GC described above. Most constituents were identified by gas chromatography by comparison of their GC retention indices with those of the literature or with those of standards available in our laboratories. Further identification was made by comparison of their mass spectra with those stored in the Wiley 7N Library or with mass spectra from the literature [1, 17] .
Microbial Strains
The essential oils were tested for antibacterial and antifungal activities against Candida albicans B02630, Candida krusei ATCC 
Antimicrobial Assay
The agar disc diffusion method was employed for the determination of antimicrobial activity of the essential oil [15] , Briefly, 100 µl of suspension containing 10 5 CFU/ml of bacteria was spread on MH agar. The discs (6 mm in diameter) were impregnated with 10 µl of essential oil diluted with 5% DMSO under aseptic conditions and placed on the inoculated agar. Negative controls were prepared using the same solvent that was spread on the agar plates. Chloramphenicol (30 µg per disc) was served as positive reference standards to determine the sensitivity of each bacterial strain tested. The inoculated plates were incubated at 37 o C for 24 h. Antimicrobial activity was evaluated by measuring the zone of growth inhibition against the test organisms.
MIC Evaluation by a Micro-Well Dilution Assay
The minimal inhibitory concentration (MIC) values were studied for the bacterial strains and unicellular fungi by a broth microdilution method [14] . For bacterial strains, all tests were performed in Mueller Hinton (MH) broth. Overnight broth cultures of each strain were prepared and the final concentration in each well was adjusted to 1×10 4 CFU/ml. The essential oils were dissolved in nine volumes of dimethylsulfoxide (DMSO), and then a 2-fold serial doubling dilution of the oil using MH broth was prepared in a 96-well microtiter plate. The oil was tested against all the bacterial cultures, standards, and controls made: wells containing MH broth only; each type of bacteria but with no oil; MH broth containing oil. The plate was covered with a sterile plate sealer. Contents of each well were mixed on a plate shaker for 20 sec and plates were incubated at 37 o C for 18 h. The MIC is defined as the lowest concentration of the sample at which the microorganism does not demonstrate visible growth. The microorganism growth was indicated by the turbidity. For unicellular fungal strains, all tests were performed in the same way as that for bacterial strains, except using RPMI 1640 broth. The inoculum size of each well was adjusted to 5 ×10 3 CFU/ml and the plates were incubated at 37 o C for 18 h.
RESULTS AND DISCUSSION
Chemical Composition of the Essential Oils
The essential oil was prepared from the needles and twigs of three coniferous plants by distillation for 2 h at 100 o C. As a result, the hydrodistillation of P. densiflora, C. japonica, and Ch. obtusa yielded 0.09%, 0.28%, and 0.79% (v/w) essential oils, respectively.
Gas chromatography mass spectrometry analysis (GC/ MS) of the essential oil from P. densiflora resulted in that 48 Compounds occupying more than 0.5% are listed in order of their elution on the DB-5MS 1127 column.
-Not detected.
compounds were taking 98.38% of the oil (Table 1) . The main components were β-phellandrene (16.66%), α-pinene (14.85%), β-pinene (10.49%), α-fenchyl acetate (10.4%), β-myrcene (8.99%), germacrene D (5.02%), trans-caryophyllene (5.01%), dl-limonene (4.55%), and camphene (2.67%). In a previous report [15] , the major components and the percentage of P. densiflora oil were β-thujene (19.33%), α-pinene (14.44%), myrcene (12.19%), and β-pinene (9.82%). The essential oil from C. obtusa had mainly 51 compounds that were holding 98.03% of the oil ( Table 1 ). The main oils were bicyclo [2, 2, 1] heptan-2-ol (18.75%), (+)-2-carene (17.41%), sabinene (12.84%), dl-limonene (7.56%), β-myrcene (6.14%), α-pinene (5.14%), beyerene (4.71%), hedycaryol (3.89%), 3-cyclohexen-1-ol (3.32%), and γ-terpinene (2.73%). In Yang et al. [25] , the chemical composition of essential oil obtained from the leaves of Ch. obtusa was mainly α-terpinyl acetate (13.71%), sabinene (10.97%), isobornyl acetate (8.85%), and limonene (6.89%).
Sixty-three compounds were occupying 98.54% of the essential oil from C. japonica. The main oils were kaur-16-ene (31.45%), sabinene (11.06%), elemol (8.60%), β-eudesmol (4.82%), α-pinene (4.21%), o-menth-8-ene-4-methanol (4.01%), dl-limonene (3.55%), α-eudesmol (3.53%), γ-eudesmol (2.88%), and β-myrcene (2.26%). The essential oil from the leaf of C. japonica was previously reported to have 16-kaurene (20.44%), elemol (19.05%), eudesmol (11.80%), sabinene (10.21%), and terpinen-4-ol (6.19%) as the main components [9] .
Our data were significantly different from the previous data. Accroding to Chang et al. [6] , the compositions of oils prepared from the bark, leaf, and twig of the same plant (C. japonica) were quite different. Thus, it may be natural that the essential oils prepared from the twig and leaf together have different compositions from those prepared with the leaf of the three conifers. In addition, many reports emphasized the influence of geographic circumstance, climate, harvesting period, and age of plant on the content of essential oil of the plant [6, 9, 10, 23] . These variations could be a plausible explanation for the differences of the oil compositions.
Antimicrobial Activity
The antimicrobial properties of essential oils have been known for many centuries and various essential oils have been studied for their antimicrobial properties against bacteria and fungi. Therefore, the in vitro antimicrobial activities of essential oils against various microorganisms and their activity potentials were qualitatively and quantitatively assessed by the presence or absence of inhibition zones, zone diameters, and MIC values. According to the results given in Tables 2 and 3 , the essential oil of Ch. obtusa had great potential of antimicrobial activity against most kinds of bacteria tested. Specifically, the antimicrobial assay by agar disc diffusion method showed that 2.2 µg of Ch. obtusa oil inhibited most effectively the growth of E. coli ATCC 33312 (11 mm) and K. oxytoca ATCC 10031 (10 mm). The essential oils from P. densiflora showed relatively lower antimicrobial activity than those of Ch. obtusa in the range of 4.4-8.8 µg per disc against most microorganisms. Contrasting to the essential oils from Ch. obtusa and P. densiflora, the C. japonica oil gave weak antimicrobial activity only to E. coli ATCC 33312 (10 mm at 4.4 µg per disc) and K. oxytoca ATCC 10031 (10 mm at 8.8 µg per disc). S. aureus ATCC 6538P and E. coli 1507E were insensitive to the oil even at 8.8 µg per disc.
The MIC values for bacterial strains B. subtilis ATCC 6633, A. calcoaceticus ATCC 19606, E. coli ATCC 33312, K. pneumoniae ATCC 10031, S. aureus ATCC 25923, and S. aureus ATCC 6538P were in the range of 5.45-21.8 mg/ml depending on essential oils, but other strains gave higher MIC values than 21.8 mg/ml (Table 4) .
The mild antimicrobial activities of the essential oils prepared from the needles of three conifers, P. densiflora, P. koraiensis, and Ch. obtusa, were previously reported [15] . Contrasting to this, our recent investigation revealed Table 2 . Antimicrobial activity of the essential oils from Pinus densiflora, Cryptomeria japonica, and Chamaecyparis obtusa. -------30  Escherichia coli ATCC 33312  10  --11  10  -14  13  11  28  Klebsiella oxytoca ATCC 10031  11  10  -10  --16  13  10  34  Staphylococcus aureus ATCC 6538P  ---------25  Staphylococcus aureus ATCC 25923 10  -----10  --24  Staphylococcus aureus 503 11
Diameter of zone of inhibition (mm) including disc diameter 6 mm. that the essential oil from P. koraiensis cone could effectively inhibit the growth of many bacteria and pathogenic fungal strains [20] . Similar to this, our present data clearly show that the essential oils from the three conifers can effectively inhibit the growth of several microorganisms tested. However, the MIC values (5.45-21.8 mg/ml) of the essential oils were comparatively higher than those of other reports. For example, the essential oil obtained from the leaves of Ch. obtusa showed relatively strong antibacterial activities against Gram-positive bacteria in the MIC value range 0.025-5 µl/ml, and above 10 µl/ml against Gram-negative bacteria (Lee et al., 2008) . The essential oil of C. japonica exhibited considerable inhibitory effects against many bacteria tested (MICs, 0.025-0.05 mg/ml; Cha et al. [5] ). This difference seems to be attributed to the difference of assay conditions, especially media used for cultivating bacteria. Our condition for antimicrobial assay was the same as the condition performed by Hong et al. [15] , and our data showed similar but stronger antimicrobial activity than by Hong et al. in spite of the quite different oil compositions. Among the components of the essential oils, terpinen-4-ol is believed to be the antibacterial constituent of essential oils, and α-terpineol and α-pinene are also thought to be active in inhibiting the growth of microorganisms [12] . The essential oils prepared in this work do not have terpinen-4-ol, and only Ch. obtusa oil has 0.35% α-terpineol. However, the α-pinene, a monoterpene, was detected in all the essential oils, such as P. densiflora (14.85%), C. japonica (4.21%), and Ch. obtusa (5.14%), which may deliver the antibacterial activity.
Antifungal Activity
The fungicidal activities of the essential oils were tested on various fungal strains that commonly cause foot rot and other diseases (Table 4) . Among the three essential oils tested, P. densiflora oil was the most effective and the MIC values against Cryp. neoformans B42419 and C. glabrata YFCC 062 were as low as 0.545 and 2.18 mg/ml, respectively. Interestingly, Cryp. neoformans B42419 was the most sensitive to all the essential oils tested in the range 0.545-2.18 mg/ml.
It was reported that the C. japonica oil had strong antifungal activities at 0.5 mg/ml against various fungi, which coincides with our data [10] . Although the major components of essential oils showing the profound antifungal effect need to be further identified, it was suggested that phenolic alcohols or aldehydes in the essential oils can interfere with membrane-associated enzyme proteins and finally cause damage to biological membranes. Specifically, essential oils may disrupt the permeability of cell membranes and inhibit respiration, and its efficiency depends on the rate of monoterpene penetration through the fungal cell wall and cell membrane structure [18, 12] . Several compounds, such as ascaridoles [16] and terpinen-4-ol [24] , have been reported as the effective antifungal components; further investigation on the active components and their fungicidal mechanism would be necessary to apply the essential oils as safe natural disinfectants.
